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3.324370 

ELECTRONIC BEAM SWITCHING COMMUTATOR 
PhiVtp A. Studer, Silver Spr i*ig, Md., assignor to the 

United States of America as represented by the Ad- 

mini-frafor of the National Aeronautics and Space ° 

Administration 

Filed Oct 21, 1954. Ser. No. 405,629 
14 Claims. <C1- 318—138) 

The invention described herein may be manufactured |q 
and used by or for the Government of the United States 
of America for governmental purposes without the pay- 
ment of any royalties thereon. 

This invention relates to an improved brushless motor 
and more particularly to a DC motor which utilizes an 15 
electron beam switching tube as a commutator. 

In many satellite applications, the only available energy 
within the satellite Itself is derived either from electro- 
chemical cells or from solar cells. Thus, a direct current 
motor which will operate from these DC sources is 20 
desirable in order to drive various mechanisms within 
the' satellite, such as elements of tape recorders. Since 
satellites operate in a vacuum environment, any physical 
contact between the rotor aod brushes of the stator of 
such a motor tends to cause arcing in addition to the 25 
inherent frictional Josses. Therefore, it is desirable that 
the commutation process be accomplished without physi- 
cal contact or by what is referred to as electronic com- 
mutation. 

Prior to the present invention, there have been various 30 
attempts to develop an efficient and simple brushless DC 
motor, i.e., a motor which does not depend on physical 
contact between the rotor and the stator in the commuta- 
tion mechanism. In such brushless DC motors, it has been 
found that efficient motor operation may be achieved by 35 
utilizing a permanently magnetized rotor in connection 
with a plurality of stator windings. As a selected stator 
winding is cncrcized, the rotor is turned so as to reduce 
the torque angle which then exists between the stator 
held and the magnetic field of the rotor. This turning 40 
or rotation of the rotor Is maintained by sequentially 
energizing the stator windings so that a large torque 
angle exists at all times. In such a case, the relative posi- 
tion of the rotor with respect to a stator winding must 
be sensed so that the electronic commutator will activate 
the desired stator windings at a rate proportional to 
rotor angular velocity. One attempt at accurate rotor 
position sensing is through the use of stationary induc- 
tive pick-up coils which have voltages induced in them 
as a result of the rotation of the permanently magnetized ° 
rotor. However, one disadvantage of such a coil arrange- 
ment is that the motor is hot self-starting, and elaborate 
mechanisms are needed to proride the desirable self- 
starting features. For example, see U.S. Patent No. • 
2,753,501, issued July 3, 1956. Various other methods of 0 
sensing rotor position are discussed in an article by 
Wilson and Trlckey entitled, **DC Machine with Solid 
State Commutation,” which appears In the November 
1962 issue of Electrical Engineering. However, a practi- 
cal means of sensing rotor position in combination with 
an accuiate and reliable electronic commutator has hot 
yet been fully developed., 

Accordingly, it is an object of this invention to pro- 
vide an improved self-starting DC brushless motor. 

Jt is a further object to provide an improved electronic 
commutator which contains a beam switching tube re- 
spensivd to a pulse Input. 

It- is still another object of this invention to provide 
an electron beam switching tube -commutator cbN^ 13 hy 
a pulse input, the input pulse rate being responsive both 70 
to rotor petition and to rotor angular velocity. 

It is yet another object of this invention ?o provide a 


rotor position sensing device for a brushless motor which 
utilizes a single photodiode in connection with the plu- 
rality of stator windings. 

The above, objects are achieved in the motor of the 
instant invention by the use of an electronic beam switch- 
ing device having a plurality of outputs. The electron 
beam is sequentially switched to succeeding outputs by 
means of a pulse input switching means controlled by a 
variable frequency oscillator. The oscillator is in turn 
responsive to control signals from both a transducer 
device and from a rotor position sensing device. The 
brushless motor thus utilizes an electronic commutator 
consisting of a minimum of components, which provides 
a commutation process responsive to both rotor angular 
velocity and rotor position. 

Other objects as well as the advantages and features 
of the present invention will* of course, become apparent 
and immediately suggest themselves to those skilled in 
the ait to which the invention is directed from the read- 
ing of the following detailed description in connection 
with the accompanying drawings in which: 

FIGURE 1 is a partial block diagram of the subject 
matter of the invention; 

FIGURE 2 is a schematic diagram of the synchroniz- 
ing circuit and variable frequency oscillation circuit 
shown In FIGURE I; and 

FIGURE 3 is a schematic diagram of a preferred 
embodiment of the armature switches shown in FIG- 
URE 1. 

Referring now to the drawings, in FIGURE 1 stator 
windings 11 are sequentially energized from a suitable 
DC potential source 13 by means of armature switches 
12. In order to effect efficient motor operation, the arma- 
ture switches must be activated in such an order that 
a large torque angle exists at all times between the mag- 
netic field of a permanently magnetized rotor 10 and the 
magnetic field of any one energized stator winding. To 
achieve this end, armature switches 12 are activated 
sequentially by output pulses present at outputs 30 o to 
30 s of an electron beam switching tube 34. The tube 14 
comprises a plurality of arrays and a cathode 32. Each 
array consists of an output 30, a spade 31, a shield grid 
29, and either an odd 27 or even 23 switch grid; and It 
is noted that the number of arrays utilized in a particu- 
lar application Is determined by the number of stator 
Windings 11 which are to be sequentially activated. Out- 
put pulses present at outputs 30 o to $0 9 arc coupled 
through pulse -transformers 25 0 to 25 9 (one such trans- 
former for each output) to armature switches 12. The 
armature switches (One such switch for each stator wind- 
ing In a particular embodiment) are utilized so that, 
when activated by outputs >om pulse transformer 25* 
to 2 5* energizing potential from a source 33 may be 
gated to a particular stator winding 11. Thus, tube 14 
acts as a distributor to provide output pulses in the proper 
sequence to the armature switches 12. 

The armature swhehes 12 in the preferred embodiment 
consist of a series of silicon controlled rectifiers respon- 
sive to pulses from pulse transformers 25. In such an 
embodiment the number of silicon controlled rectifiers 
would be dependent upon the number of stator poles in 
a particular motor. However, switching diodes or switch- 
ing transistors may be used as the armature switches In 
the instant invention, as well as any other desirable com- 
bination of relays or gates which are responsive to the 
output of pulse transformers 25. 

The electron beam in tube 14, which is formed be- 
tween cathode 32 and any one of outputs 3G 0 to 30*, is 
transferred to a succeeding output upon the receipt by 
switch grids 27 and 28 of input switching pulses. As 
shown in FIGURE L, a monostable multivibrator 18 is 
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connected to switch grids 27 and 23. The monbstabte The beam switching tube 14 used as the electronic 
multivibrator 18 typically provides a pulse of approx* commutator in this invention is best seen in FIGURE 1- 
imately 50 microsecond duration and is connected such In * particular embodiment of the invention a “BEAM-X” 
that when triggered, the lead portion of the pulse activates model 2,000 ten-position electron switching tube supplied 
the odd grid 28 and the reset portion of the pulse acti- 5 by the Burroughs Corporation was used; however, any 
vates even grid 27. A typical monosiable multivibrator comparable tube which is capable of beam switching in 
which may be utilized Is based upon a design by Fung and response to input pulses ia addition to providing a sec- 
Nambiar as illustrated on page 44 in Electronic Design ondary output is within the scope of this invention. For 
(Nov. 22, 1962); ~ a further reference to the particularities of the "BEAM-X” 

The multivibrator 18 is triggered, so as to produce its jq tu he attention is directed to the “BEAM-X” Techriical 
signals for activation of grids 27 and 28, by a variable Brochure No. BX 535B available from the Burroughs 
frequency oscillator 17, which is shown and described In Corporation. - 

the discussion of FIGURE 2; however, it is noted that the As stated above, each target position of tube 14 consists 
the output frequency of the voltage controlled oscillator of an identical array of four elements. Each array consists 
17 Is variable depending upon the amplitude of the van- 25 of a spade 31, biased by a spade supply voltage 8 S » the - 

able DC voltage derived from a rectifier circuit 16. (The spades being needed in order to form and lock the beam 

frequency range of oscillator 17 should be such that both on the outputs 30 o to 30 9 . The section entitled, “Beam 

maximum r.p.m. for a particular application and re-start Forming and Locking” on page 5 on the above cited 

from stall condition may be achieved.) In a particular brochure further discusses the characteristics of such 

embodiment, a voltage controlled oscillator with a range 20 spades or beam locking devices. Also each array contains 
of 50 to 660 pulses per second triggering a monosiable an output 30 o to 3G 9 which correspond to the output elec- 
multivibrator with a pulse duration of 50 microseconds irodes in conventional beam switching tubes. In addition, 
was capable of producing a speed of 8000 r.p.m. for a each array includes a secondary output or shield grid 
10 stator pole motor. The variable control voltage for the 2% to 29 9 which will conduct output current should the 
oscillator 17 is provided by a stationary transducer 13, 25 potential drop, at its associated output 30 fall below spade 
situated on the periphery of the stator. The transducer 15 buss voltage. A further discussion of the advantages and 
preferably is an inductive pick-up coil which has a volt- uses of the shield grids 29 0 to 29 9 is contained in the 
age induced in it as a result of the rotation of the mag- section entitled, “Output” on page 5 of the above cited 
netfzed rotor 10, the magnitude of the Induced voltage brochure with special reference to the discussion of FIG- 
therein being proportional to the rotor angular velocity. 30 URE 8. However, it is noted that the details of the tube 
As a result, the output from the rectifier circuit 16 is a itself form no part of the invention. Therefore, it is suf- 
variable DC voltage whose level is indicative of rotor ficient for purposes of this invention to state that a pre- 
angular velocity. Therefore, the output frequency oscif- determined potential decrease at the output 30 o results 
lator 17 is automatically controlled by rotor angular in the conduction of output current by shield grid 29$. 
velocity. This results in accurate commutation and in a 35 Each array further contains either an odd or even 
smooth increase in rotor angular velocity daring the self- switch grid 27 or 28 which serve, when activated by pulses 
start from stall condition. from multivibrator 18, to transfer the beam to a succeed- 

As previously mentioned, an accurate method of mg output 3O C -30 S . For example, if initially the electron 

sensing rotor position is desirable so that the correct beam from cathode 32 Is locked on output 30 x by spade 

stator winding will be energized in proper sequence by the 4 0 31 and if a pulse then is received on switch grid 28 from 
action of the armature switches 12. In the instant inven- multi vibrator 18, the beam will be advanced to target 30 2 . 

tion an indication of the position of the rotor with re- Should the system be in synchronism, the above sequential 

speet to the stator windings is achieved as a result of the switching operation will continue as long as pulses are 

illumination of a photodiode 20 by a beam of light 24. applied to grids 27 and 28. If synchronism is lost during 
The photodiode 20 is activated only when a rotatable 45 the time the beam is switched from output 30 9 to output 
shutter 22 allows the light beam from lamp 21 to impinge 30$, the potential drop at output 30 o , due to the absence 
on it. At other portions of the shutter rotation the beam of photodiode action, will fall below' spade buss voltage. 

24 is blocked by the shutter, which rotates in response to This causes shield grid 29 0 to conduct output current, 
rotor motion; and the non-illumination of the photodiode An output will appear on electrical connection 26 which 
20 results in an open circuit between output 30 o and sup- 50 output, via synchronizing circuit 19, will cause cut off 
ply voltage B-f-. Thus, at those portions of the rotor of the oscillator 17 as will be more fully explained below, 
cycle in which the light beam, cannot activate photodiode Thus, the electron beam from cathode 32 will not be ad- 
20, the potential between 30 o and ground is at a minimum vanced since grids 27 and 28 will receive no input switch- 
due to the open circuit between 30 0 and B-f. The effect ing pulses. As soon as the photodiode 20 is illuminated, 
which this small potential drop at 30 o has on the opera- 5.5 the beam current will be diverted from 29 0 back to 30 o ; 
tion of beam tube 14 will be discussed in more detail in the input to circuit 19 will be removed from electrical 
relation to FIGURE 2. connection 26, and the sequential pulsing of switch grids 

In connection with the operation of the position sen- 27 and 28 will resume, 
sor, it is noted that. If the potential between output 30 o Referring now to FIGURE 2, which illustrates the 

and ground Is below a predetermined value, substantially 60 various components contained in synchronizing circuit 
all of the beam current will be diverted to shield grid 29 0 . 19, oscillator 17 and rectifier circuit 16, should an out- 

Tbis results in an output by way of electrical connection put appear on electrical connection 26 as a result of 
26 to the input of synchronizing circuit 19 which will be beam current diversion to .shield grid 29 to transistors 50 
explained more fuly in connection vrith FIGURE 2. As and 51 will conduct These transistors together with their 
may be seen in FIGURE 1, the output of synchronizing 65 appropriate biasing arrangements- comprise synchronizing 
circuit 19 is coupled to the input of oscillator 17. Upon circuit 19. When the transistors 50 and 51 conduct, a 
receipt of an input, synchronizing circuit 19 biases oscO- pulse is fed via resistor 53 to the emitter of a unijunc- 
lator 17 to cut off and this cut-off or standby condition Is tion transistor 54 causing cut-off of the transistor 54. 
maintained as long as there is an input to synchronizing Transistor 54, which is connected ip an oscillator circuit, 
circuit 19. In this manner the triggering of the mono- 70 comprises variable frequency oscillator 17. (The uni- 
stable multivibraior 18 by oscillator 17 35 dependent upon junction transistor used in the particular embodiment 
rotor position, which position is indicated by the presence was a General Electric Silicon Unijunction transistor 
or absence of an input to synchronizing circuit 19. There- (2N49IA) connected in an oscillator circuit based on 
fore, accurate synchronism of the commutation process Is Genera! Electric Transistor Manual (5th edition) recom- 
provided. 75 mentations. However, any suitable voltage controlled 
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oscillator consistent with design may be used.) A capaci- conditions such as exist in a satellite. Since the motor is 
tor 56 is provided in the discharge path of transistor 51 self-starting and operates from a direct current source, 
so as to prevent the triggering of multivibrator IS by the machine may be in unmanned spacecraft which opef- 
transktoi 54 from topping completely in the case of a ate from solar energy and battery sources or in other 
stalled rotor. Thus, in tin "ease in v*hich synchronism is 5 applications wherein arcing may be detrimental in the 
lost due to rotor stalling, the transistor 54 will initially particular environment of the motor. The use df the 
be cut off by the output from 29 0 . However, due to the ‘‘BEAM-X** tube in connection with silicon controlled 
discharge path provided by capacitor 56, the oscillator rectifier armature switches provides a lightweight and 
17 will" begin to Oscillate/ after a predetermined inter- accurate electronic commutation system using a minf 
val, at the lower value of the oscillator frequency range, mum of components. 

The emitter of transistor 54 is additionally coupled to It is to be understood that the foregoing disclosure 

the output of rectifier circuit 16 via resistor 52. The recti- relates to a preferred embodiment of the invention, and 

her circuit 16 contains a plurality of diodes *70-73 inter- numerous modifications can be made without departing 

connected by a capacitor 74 as shown in FIGURE 2. from the spirit and scope of the invention as defined in 
It is noted that the necessary ground connection is pro- 15 the appended claims, 
vided between diodes 70 and 71. The variable DC level What is claimed is: 

present at the junction of diodes 72 and 73 (which as has 1. A brushless DC motor including a permanently 

been stated is proportional to rotor angular velocity) is a magnetized rotor and a plurality of stator windings; a 
control voltage which varies the output frequency of the plurality of switches, said switches coupling said wind- 
voltage controlled oscillator circuit containing transistor 20 ings to a source of energizing potential; an electronic 
54. Thus, an increase in the magnitude of the voltage gen- beam switching device having a plurality of switch grids, 
crated in transducer 15 results in an increase in frequency and a plurality of outputs, said outputs being coupled to 
of the output wave. The output from the transistor 54 is said switches; a pulse input switching means having an 

coupled to the input of the multivibrator 18 as previously output; rotor position sensing means having an output 

discussed. 25 coupled to said pulse input switch means, the output of 

In operation, the electron beam is initially formed by sail pulse input switching means being coupled to said 
suitably applying power to the tube 14. The use of the plurality of switch grids of said beam switching device, 
term self-starting in connection with the brushless DC whereby the plurality of switches may be activated by 
motor indicates that the motor will automatically re-start said beam switching device in sequential order in re- 
and will self-start from stall condition. It does not mean 30 sponse to said pulse input switching means* 
that the motor will start without initially energizing the 2. A motor as described in claim 1 wherein said 

tube so as to form an electron beam. Input pulses to the switching device comprises a beam switching tube, said 
monostable multivibrator 18 from oscillator 17 (for ex- tube including a cathode for producing an electron stream, 
ample, at 50 pukes per second) trigger the multivibrator and a plurality of identical arrays; each array comprising 
13, causing input switching pulses to appear at switch 35 at least one of said plurality of outputs, and one of said 
grids 27 and 28. Toe electron beam thus is transferred plurality of switch grids, whereby said electron stream 
to succeeding outputs 30 q~ 30 9 with resulting rotor motion from said cathode to one of said plurality of outputs can 
due to the presence of a torque angle. This operation con- be transferred to a succeeding output in response to said 
tinues until the beam is advanced to output ' 30 o . Then input switching means. 

should the potential drop to ground at output 3O 0 (which 40 3. The motor as described in claim 1 further including 

drop is dependent on the value of resistance of 23 0 and a transducer means for measuring the angular velocity 
that of photodiode 20) be below a desired value (due to of said rotor, and a variable frequency oscillation means 
the non-iUuminatioii of diode 20), the synchronizing cir- coupled between said transducer means and said pulse 
cult 19 causes cut off of oscillator 17. The cut off ctmdi- input switching means for controlling the activation of 
lion continues until the shutter 22 allows a light beam 26 45 said pulse input switching means whereby variations in 
to impinge on the photodiode 20. The resulting photo- said transducer means due to changes in rotor angular 
diode activation increases the potential drop between out- velocity control the output frequency of said oscillation 
put 30 o and ground and output 30 o conducts beam cur- means. 

rent. Then, synchronizing ciicuit 19 is no longer capable 4. The motor as described in claim 3 wherein said 

of cut off of oscillator 17, and the sequential switching 50 transducer means comprises a stationary inductive pick- 
of armature windings 12 is again possible. Rotor angular up means positioned such thai variations in the angular 
velocity increase is marked by an increase in the magni- velocity of said permanently magnetized rotor change 
tude of the voltage induced in transducer 15 which re- the magnitude of a vohage induced ir said pick-up means, 
suits in a greater output frequency from oscillator 17. 5. The motor described in claim- 3 further including 

A preferred embodiment, which utilizes silicon con- 55 synchronizing means coupled between said rotor position 
trolled rectifiers as. the armature switches, is shown in sensing means and said oscillation means whereby said 
FIGURE 3. In such a case, silicon controlled rectifier synchronizing means controls the cm-oif of said osdlla- 
61 will be turned on In response to an output from pulse tion means in accordance with rotor position, 

transformer 25 0 and will gate energizing potential to the 6. The motor described in claim 5 wherein said rotor 

corresponding stater winding even after the puke from m position sensing means includes a photodiode means am! 
transformer 25 0 is removed. In order to turn off silicon a rotatable shutter means connected to said permanently 
controlled rectifier 61, a coupling capacitor 63, connected magnetized rotor such that said photodiode means is ac- 
between the cathode of silicon controlled rectifiers 61 rivaled only at a particular rotor position, -whereby the 
and 62, Is provided. Thus, upon receipt of a pulse by sequential activation of said plurality of switches Is 
silicon controlled rectifier 62, a corresponding stator 05 synchronized with a particular rotor position; 
winding is energized, and a pulse is coupled back to the 7. In a DC brushless motor having a permanently 

cathode of silicon controlled rectifier 61. This pulse magnetized rotor and a plurality of stator windings; a 
raises the cathode potential of silicon controlled rectifier plurality of switches, said switches upon acrivarion"eo*i- 
61 to bias potential (B~r) and the holding current neces- pling said windings to a source of potential; an electron 
sary to maintain silicon controlled rectifier 61 conduct- 70 commutating meins Including in combination: an eleo 
ing is destroyed. Therefore, silicon controlled rectifier 61 iron beam switching device having a plurality of switch 
will be turned off and will remain non-conducting until grids, and a plurality of outputs, each output being cou- 
triggered again by a pulse from the pulse transformer 25^ pled to a selected one of said switches; pulse input switch^ 
The advantages of this invention are numerous, and lug means having an output; rotor position sensing means 
the rrftApr ts espeeia% adapted for use In the Vacuum 75 having an output coupled to said pulse input switching 
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means, the output of said pulse input switching means 
being coupled to said switch grids, whereby said pulse 
input switching means causes sequential activation of said 
plurality of outputs of said electron beam switching de- 
vice so as to energize said stator windings through con- 5 
trol of said switches in a selected order; 

8 . The combination as described in claim 7 wherein 

said electron beam switching device comprises a beam 
switching tube, said lube including a - eaihode and a 
plurality of identical arrays; each array comprising at 
least one of said plurality of outputs, and one of said 
plurality of switch grids whereby said electronic stream 
from said cathode to one of said plurality of outputs can 
be transferred to a succeeding output in response to said 
input switching means. 25 

9. The combination as described in claim 7 further 
including a variable frequency oscillation means; and a 
transducer means for measuring the angular velocity of 
said rotor; said oscillation means being coupled between 
said transducer means and said pulse input switching £0 
means for controlling the activation of said pulse input 
switching means whereby a change in rotor angular velo- 
city varies the output frequency of said variable fre- 
quency oscillation means. 

10. The combination as described in claim 9 wherein 25 
said transducer means comprises a stationary inductive 
pick-up means positioned such that the magnitude of a 
voltage induced in said pick-up means is proportional to 
rotor angular velocity. 

11. The combination described in claim 9 further in- *0 

eluding a synchronizing means coupled between said 
rotor position sensing means and said variable frequency 
oscillation means whereby the cut off of said oscillation 
means is controlled by rotor position. 35 

}2. The combination as described in claim 11 wherein 
said rotor position sensing means comprises a stationary 
photodiode means connected in one selected output of 
said plurality of outputs of said beam switching device. 


and a rotatable shutter means mechanically connected to 
said rotor and positioned such that said photodiode 
means is activated bv a light beam at only one rotor posi- 
tion, whereby ihe sequential act * vat ion of said plurality 
of outputs of said electron beam switching device is syn- 
chronized with a particular rotor position. 

13. The combination as described in claim 12 wherein 
said beam switching device comprises a beam switching 
tube, said tube including a cathode and a plurality of 
identical arrays, each array comprising a beam locking 
device, one of said plurality of ou'puts, a shield grid, and 
one of said plurality of switch grids; and wherein said 
synchronizing means includes a switching transistor hav- 
ing an input coupled to a selected one of said shield 
grids; whereby a voltage drop in the selected output which 
contains the photodiode means, due to non-illumination 
of said photodiode means, causes the beam current of the 
electron beam formed between said cathode and the 
selected output to be diverted to the selected shield grid 
associated with said selected output thereby causing said 
transistor to conduct so as to cause cut-off of said oscil- 
lation means. 

14. The combination as described in claim 13 wherein 
said pulse input switching means comprises a monostable 
multivibrator and said transducer means comprises a 
stationary inductive pick-up means positioned so that the 
magnitude of a voltage induced in said pick-up means is 
proportional to rotor angular velocity. 
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